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AFMIn a combined chemical biological and biophysical approach, we studied the partitioning of differently
ﬂuorescent-labeled palmitoyl and/or farnesyl lipidated peptides, which represent membrane recognition
model systems, as well as the full lipidated N-Ras protein into various model membrane systems including
canonical model raft mixtures. To this end, two-photon ﬂuorescencemicroscopy on giant unilamellar vesicles,
complemented by tapping-mode atomic force microscopy (AFM) measurements, was carried out. The
measurements were performed over a wide temperature range, ranging from 30 to 80 °C to cover different
lipid phase states (solid-ordered (gel), ﬂuid/gel, liquid-ordered/liquid-disordered, all-ﬂuid). The results
provide direct evidence that partitioning of the lipidated peptides and N-Ras occurs preferentially into liquid-
disordered lipid domains, which is also reﬂected in a faster kinetics of incorporation. The phase sequence of
preferential binding of N-Ras to mixed-domain lipid vesicles is liquid-disorderedN liquid-ordered≫solid-
ordered. Intriguingly, we detect – using the better spatial resolution of AFM – also a large proportion of the
lipidated protein located at the liquid-disordered/liquid-ordered phase boundary, thus leading to a favorable
decrease in line tension that is associated with the rim of neighboring domains. In an all-liquid-ordered,
cholesterol-rich phase, phase separation can be induced by an effective lipid sorting mechanism owing to the
high afﬁnity of the lipidated peptides and proteins to a ﬂuid-like lipid environment. At low temperatures,
where the overall acyl chain order parameter of the lipid bilayer hasmarkedly increased, such an efﬁcient lipid
sortingmechanism is energetically too costly and self-association of the peptide into small clusters takes place.
These data reveal the interesting ability of the lipidated peptides and proteins to induce formation of ﬂuid
microdomains at physiologically relevant high cholesterol concentrations. Furthermore, our results reveal self-
association of the N-Ras protein at the domain boundaries which may serve as an important vehicle for
association processes and nanoclustering, which has also been observed in in vivo studies.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
The multicomponent character of biological membranes contain-
ing hundreds of different components leads to strong membrane
heterogeneity [1–4]. Generally, there are many mechanisms by which
membrane heterogeneity can be caused and regulated, such as
hydrophobic mismatch between lipid species, charge repulsion,
curvature elastic stress, protein–lipid interactions, line tension effects
at domain boundaries, concentration ﬂuctuations close to critical
points, interaction with the cytoskeletal network, etc. [3–6], and in a
living cell, all these processes probably take place at the same time
and inﬂuence each other. Understanding the lateral organization of
the lipid and protein constituents in cellular membranes and the
relationship between lipid–domain formation and the functionalinter).
ll rights reserved.properties of membrane-associated proteins poses one of the major
challenging problems inmembrane biochemistry andbiophysics [1–20].
In recent years, substantial evidence has accumulated that points to
the presence of distinct regions in cell membranes termed rafts, which
are rich in sphingomyelin and cholesterol. They are thought to contain
liquid-ordered domains in a ﬂuid-like environment and to be
important for cellular functions such as signal transduction and the
sorting and transport of lipids and proteins [1,2,11,12,18,19].
Here, we discuss recent works and new data on the interaction of
lipidated peptides and proteins, such as N-Ras, with heterogeneous
model membrane systems, and include new data for the partitioning
process of various lipidated peptides as well as studies on dynamical
properties of the domain structures observed. Generally, lipidation of
proteins is an important mechanism to regulate protein trafﬁcking
and activity in cells. The presence of lipid anchors can directly
modulate the activity of the proteins or control their interactions with
other proteins and membranes to facilitate signal transduction,
Fig. 1. (A–C) Chemical structures of the lipidated peptides (1–3) (labeled with the
ﬂuorophore BODIPY). (D) Schematic representation of the semisynthetic BODIPY-
labeled N-Ras protein with a hexadecyl (as a nonhydrolyzable palmitoyl group analog)
and farnesyl anchor.
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Ras superfamily of low-molecular-weight GTPases that serve as GDP/
GTP-regulated relay switches [21–26]. Ras function is known to be
crucially dependent on its association with the inner leaﬂet of the
plasma membrane. Three isoforms of Ras, H Ras and N Ras, which
trafﬁc through the Golgi to the plasma membrane, and K-Ras, which
trafﬁcs via a cytosolic pathway, are expressed in mammalian cells.
They generate distinct signal outputs, despite interacting with a
common set of activators and effectors. The Ras signaling pathway is
central to the regulation of cell growth and differentiation, and
impaired Ras function can be one of the critical steps leading to cell
transformation and cancer. Their membrane targeting and membrane
binding is controlled by posttranslational covalent attachment of lipid
groups. Lipidation is believed to play an important role in regulatory
functions, for example, by mediating protein–protein and protein–
lipid interactions. The association with different membrane micro-
environments is proposed to further regulate Ras signaling mechan-
isms. Themembrane anchors of H-, N-, and K-Ras comprise a common
C-terminal S-farnesyl cysteine carboxy methylester, operating in
concert with one or two adjacent S-palmitoyl cysteine residues in N-
and H-Ras, and with a polybasic domain of six lysines in K-Ras.
Biophysical studies on the interaction of lipidated peptides and
proteins have only started quite recently [27–33]. Here, we focus on
the effect of the incorporation of a ﬂuorescent (BODIPY) labeled
lipidated peptide containing a farnesyl (Far) and palmitoyl (Pal)
anchor, BODIPY-Gly-Cys(Pal)-Met-Gly-Leu-Pro-Cys(Far)-OMe (pep-
tide (1), Fig. 1A), which represents a membrane recognition model
system for N-Ras proteins, intomodel membranes consisting of binary
and ternary lipid mixtures. Besides peptide (1), the inﬂuence of each
lipid chain has been studied using the single lipidated peptides (2)
and (3) (Fig. 1B and C). Peptide (2) contains one S-palmitoyl chain
and the S-farnesylated cysteine has been replaced with a serine
residue. In a similar way, peptide (3) exhibits only one farnesyl chain
and in this case the palmitoylated cysteine has been exchanged by a
serine residue. By using semisynthetic fully functional lipidated
proteins, full-length Ras proteins with various anchor motifs have
been synthesized as well to be able to reveal the partitioning behavior
of various anchor motifs with the natural protein attached. Here we
present data on a ﬂuorescence labeled N-Ras bearing a farnesyl group
and a hexadecyl moiety as a non-hydrolyzable mimic of the palmitoyl
anchor (N-Ras HD/Far) (Fig. 1D), the distribution of N-Ras HD/Far
between liquid-disordered and liquid-ordered (i.e., raft-like) sub-
domains, as well as data on the dynamics of domain formation and
domain diffusion. As lipid systems, DMPC/DSPC/cholesterol mixtures,
which− depending on lipid concentration and temperature− provide
all-ﬂuid, all-gel, ﬂuid–gel and liquid-ordered heterogeneous lipid
bilayer structures, have been used. In addition, ternary model raft
mixtures (such as DOPC/DPPC/cholesterol 1:2:1, DOPC/BSM/Chol
1:1:1, and POPC/BSM/Chol 2:1:1) with phase coexistence of liquid-
ordered (lo) and liquid-disordered (ld) domains were utilized. The
presence of solid-ordered (so) phases in biological membranes is
rather exceptional – one example is skin stratum corneum lipid
membranes. Vice versa, the effect of incorporation of the lipidated
peptides and proteins on the phase state and lateral organization of
the lipid membranes is studied. To observe the heterogeneous
membrane structure, two-photon excitation ﬂuorescence microscopy
techniques are used [13,27–29], complemented by AFM data, to
determine the partition properties and lateral organization of the
BODIPY-labeled peptides and proteins.
2. Materials and methods
2.1. Materials and N-Ras synthesis
The lipids 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine
(DMPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-phosphatidylcholine (DSPC), 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphatidylcholine (POPC), and brain sphingomyelin (BSM) were
purchased from Avanti Polar Lipids (Alabaster, USA), and cholesterol
(Chol) was from Sigma-Aldrich (Deisenhofen, Germany). The ﬂuo-
rescent probe N-Rh-DPPE (Lissamine rhodamine B, 1,2-dihexadeca-
noyl-sn-glycero-3-phosphoethanolamine) was obtained from
Molecular Probes (Eugene, OR).
Synthesis of the ﬂuorescently labeled peptides BODIPY-Gly-Cys
(Pal)-Met-Gly-Leu-Pro-Cys(Far)-OMe (1), BODIPY-Gly-Cys(Pal)-Met-
Gly-Leu-Pro-Ser-OMe (2) and BODIPY-Gly-Ser-Met-Gly-Leu-Pro-Cys
(Far)-OMe (3) as well as the ﬂuorescently labeled N-Ras HD/Far
protein was carried out as described before [28,29,34]. The synthesis
of the unlabeled N-Ras HD/Far protein has been reported in ref. 33.
Brieﬂy, the double lipidated N-Ras peptide was synthesized with an
N-terminal maleimide group via a combination of solution and
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Gel or 2-chlorotrityl resin. The maleimido peptide was coupled to a
bacterially expressed truncated N-Ras protein (amino residues 1–
181) carrying a cysteine at the C-terminus. Coupling was achieved by
conjugate addition of the only surface-accessible cysteine(181)–SH
group of N-Ras to the maleimido function [33,35]. The BODIPY-label
was introduced either by acylation of the primary amine at the C-
terminus of the lipidated peptide or into the protein corpus at surface-
exposed lysine side chains prior to MIC (maleimidocaproyl) coupling.
For the latter, the labeling efﬁciency was calculated by determining
the ratio of BODIPY (absorption at 504 nm) to protein (Bradford
assay) and was estimated to be around 20–30%.
2.2. Fluorescence microscopy
2.2.1. Vesicle preparation
Giant unilamellar vesicles (GUVs) have proven to bemost versatile
model membrane systems. These closed, spherical single bilayers of
10–100 μm diameters can be produced from a broad range of lipid
compositions in physiologically relevant buffer conditions [13]. They
are free-standing (avoiding interactions with the substrate) and can
be produced in sizes that are comparable to cells. For preparing giant
unilamellar vesicles (GUVs), we followed the electroformation
method developed by Angelova et al. [36]. Electroformation is a
technique that provides a high yield of unilamellar vesicles of
controllable lipid composition and size. Lipid stock solutions with a
concentration of 0.2 mg/mL of phospholipids and cholesterol in the
desired molar ratios were prepared in chloroform (DMPC/DSPC 1:1
with and without Chol) or chloroform/methanol 4:1 (POPC/BSM/
Chol 2:1:1, DOPC/BSM/Chol 1:1:1). To grow the GUVs, a special
temperature-controlled chamber was used, which was described
previously [37]. The experiments were carried out in the same
chamber after vesicle formation, by use of an inverted microscope.
The details of the GUV preparation procedure are given in Janosch et
al. [28] and Nicolini et al. [29]. The temperature was measured inside
the sample chamber with a digital thermocouple with a precision of
0.1 °C. The ﬂuorescent probe N-Rh-DPPE, which visualizes lipid
vesicle structures, was premixedwith the lipids in chloroform and the
N-Rh-DPPE/lipid ratio used was 1:400 (mol/mol).
2.2.2. Experimental setup
The two-photon excitation microscopy experiments were per-
formed at the Laboratory for Fluorescence Dynamics (University of
Illinois at Urbana-Champaign, University of California at Irvine) as
described before [27–29]. Brieﬂy, the high photon densities required
for two-photon absorption are achieved by focusing a high peak
power laser light source on a diffraction-limited spot through a high
numerical aperture objective. Therefore, in the areas above and below
the focal plane, two-photon absorption does not occur because of
insufﬁcient photon ﬂux. This allows a sectioning effect without the
use of emission pinholes as in confocal microscopy. Another
advantage of two-photon excitation is the low extent of photobleach-
ing and photodamage above and below the focal plane. For our
experiments, we used a scanning two-photon ﬂuorescence micro-
scope [37] with an LDAchroplan 20× long working distance air
objective (Zeiss, Homldale, NJ) with a numerical aperture of 0.4. A
titanium-sapphire laser (Mira 900; Coherent, Palo Alto, CA), pumped
by a frequency-doubled Nd:vanadate laser, was used as excitation
light source (excitation wavelength 780 nm). The laser was guided by
a galvanometer-driven x–y scanner (Cambridge Technology, Water-
Town, MA) to achieve beam scanning in both the x and y directions.
The scanning rate was controlled by the input signal from a frequency
synthesizer (Hewlett-Packard, Santa Clara, CA), and a frame rate of
25 s was used to acquire the images (256× 256 pixels). The
ﬂuorescence emission was observed through a broad band-pass ﬁlter
from 350 to 600 nm (BG39 ﬁlter; Chroma Technology, Brattleboro,VT). For detecting both ﬂuorophore emissions simultaneously in two
channels, a ﬂuorescein/Texas red ﬁlter set was used to collect
ﬂuorescence in the green and red regions, respectively. The green
emission ﬁlter was a Chroma HQ525/50 (500–550 nm), the red was a
Chroma HQ610/75 (573–648 nm), and the dichroic was a Q560LP. A
miniature photomultiplier (R5600-P; Hamamatsu, Bridgewater, NJ)
was used for light detection in the photon counting mode.
2.3. Atomic force microscopy (AFM)
Stock solutions of 10mgmL−1 lipid (DOPC, DPPC, and cholesterol)
in chloroform (Merck, Darmstadt, Germany) were prepared and
mixed to obtain 1.94 mg of total lipid with the desired composition of
DOPC/DPPC/Chol 1:2:1 (molar ratio). The majority of the chloroform
was evaporated with a nitrogen stream; the solvent was subsequently
removed by drying under vacuum overnight. The dry lipid mixture
was hydrated with 1 mL of 20 mM Tris (Merck, Darmstadt, Germany),
5 mM MgCl2 (Merck, Darmstadt, Germany), pH 7.4. Supported lipid
bilayers were produced by vesicle fusion as described before [33]. For
the protein–lipid interaction studies, 200 μL of N-Ras HD/Far protein
in Tris buffer (c=100 μg mL−1) were slowly injected into the AFM
ﬂuid cell and allowed to incubate for 1 h at room temperature.
Afterwards, the ﬂuid cell was rinsed carefully with Tris buffer before
imaging to remove unbound protein.
Measurements were performed on a MultiMode scanning probe
microscope with a NanoScope IIIa controller (Digital Instruments,
Santa Barbara, CA, USA) and usage of a J-Scanner (scan size 125 μm).
Images were obtained by applying the Tapping Mode in liquid with
oxide-sharpened silicon nitride probes (DNP-S) mounted in a ﬂuid
cell (MTFML, Veeco Instruments, Mannheim, Germany). Tips with
nominal force constants of 0.32 N/mwere used at driving frequencies
around 9 kHz and drive amplitudes between 200 and 400 mV. Height
and phase images of sample regions were acquired with resolutions of
512×512 pixels and scan frequencies between 0.5 and 1.5 Hz. As
image analysis and processing software, NanoScope version 5 and
Origin were used.
3. Results and discussion
Calorimetric, FTIR spectroscopic, and small-angle X-ray scattering
(SAXS) data have shown that the gel-ﬂuid coexistence region of the
pure equimolar lipid mixture DMPC/DSPC appears between 30 and
49 °C [27,28]. Recently, we studied giant unilamellar vesicles (GUVs)
of the pure lipid mixture using two different ﬂuorophores (Laurdan
and N-Rh-DPPE) in two-photon excitation ﬂuorescence microscopy
studies, including the temperature dependency [27]. In case of N-Rh-
DPPE, the probe partitions into the ﬂuid domains of the GUVs, only. In
the all-ﬂuid phase of the lipid bilayer system, i.e., at T≥49 °C, the
images obtained with N-Rh-DPPE as ﬂuorophore show that the
ﬂuorescent molecules are distributed homogeneously on the vesicle
surface (Fig. 2). When the temperature is decreased to the gel-ﬂuid
two-phase coexistence region, non-ﬂuorescent areas become visible
on the vesicle surface showing gel/ﬂuid lipid domain coexistence. The
extent of gel-type lipid domains expands as the temperature is
decreased. Below 30 °C, as expected for an all-gel (so) phase, the non-
ﬂuorescent regions disappear and an essentially homogeneous
ﬂuorescence distribution on the vesicle surface is observed.
In Fig. 3, we show the time dependence of domain diffusion of the
system at T=46 °C, i.e., within the two-phase region. These data
allow calculation of the mean square displacement or diffusion
coefﬁcient of the domains. The domains observed are micrometer-
scale (diameter of about 2–3 μm), essentially circular, and they
undergo Brownianmotion. Themean square displacement is assumed
to be linear with time and ﬁt to bx2N=2Dt as expected for normal
diffusion in one direction. The domains shown in Fig. 3 diffuse at a rate
of about 0.5 μm s−1. With the given diameter of the GUV of 20 μm, we
Fig. 2. Two-photon excitation ﬂuorescence intensity images (false color representation) of GUVs (size ∼30 μm) formed of DMPC/DSPC (1:1) and labeled with N-Rh-DPPE (which
preferentially partitions into ﬂuid lipid phases). The images were taken at the top part of the GUVs at different temperatures. Below 49 °C, the gel-ﬂuid two-phase region appears
(down to temperatures of ∼27 °C). The dark areas depict gel-like (solid-ordered) domains. The minor intensity changes within a single phase region (above 49 °C, upper left hand
side) derive from variations of the orientation of the emission transition dipole moment along the vesicles surface.
1412 K. Weise et al. / Biochimica et Biophysica Acta 1798 (2010) 1409–1417calculate a diffusion constant of about 1.2×10−1 μm2 s−1, which is in
good agreement with the domain diffusion coefﬁcients of domains of
a size of 2 μm of similar raft mixtures at room temperature which are
on the order of 10−1 μm2 s−1 [38]. For comparison, the diffusion
coefﬁcient of the lipid molecules in a gel- and ﬂuid-like environment
are on the order of 0.03 and 3 μm2 s−1 at ∼25 °C, respectively, i.e., the
much larger domains are able to diffuse still rather rapidly on the
vesicle surface [39].Fig. 3. Two-photon excitation ﬂuorescence intensity images (false color representation) of GU
time points for T=46 °C. The time period between successive pictures is 10 s. The bar-sizeImages in the ﬂuid phase (at T ≥49 °C) of the lipid mixture with
incorporated 2 mol% of the ﬂuorescent lipidated peptide (1) exhibit a
homogeneous distribution of the ﬂuorescent molecules on the vesicle
surface. With decreasing temperature, non-ﬂuorescent areas become
visible and the shapes of these domains are very similar to the ones of
the pure lipid mixture. To support our interpretation that these
regions are the same gel-type lipid domains, we prepared vesicles
with both ﬂuorescent molecules, peptide (1) and N-Rh-DPPE, andVs (size ∼30 μm) formed of DMPC/DSPC (1:1) and labeled with N-Rh-DPPE at different
is 20 μm.
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corresponding to the ﬂuid phase of the lipid mixture, both emission
channels exhibit a homogeneous distribution of the ﬂuorescence
intensity. Decreasing the temperature to the gel/ﬂuid two-phase
region leads to the formation of domains with exactly the same size
and shape in both channels. As clearly seen in Fig. 4, the lipidatedFig. 4. Two-photon excitation ﬂuorescence intensity images (false color representation)
of GUVs (size ∼30 μm) consisting of DMPC/DSPC (1:1)+2 mol% of BODIPY-labeled
peptide (1)+0.25 mol% of N-Rh-DPPE. The intensity was collected in two channels,
channel 1 detects the BODIPY ﬂuorescence intensity (peptide) and channel 2 the N-Rh-
DPPE intensity (ﬂuid lipid domains), respectively. Images were taken at the top part of
the GUVs. Controls with peptide-free vesicles yielded a small background signal in the
BODIPY channel, only.peptide partitions essentially into the ﬂuid phase of the lipid bilayer
system.
To be able to tune additionally the lipid chain order parameter and
the packing density of the ﬂuid phase, we added cholesterol up to
levels of 33mol%. At high temperature, in the overall ﬂuid phase of the
lipid mixture, the images of the lipid mixture with 20 mol%
cholesterol and N-Rh-DPPE as ﬂuorophore display a homogeneous
distribution of ﬂuorescent molecules (Fig. 5A). Interestingly, with
decreasing temperature, no non-ﬂuorescent domains are visible in the
cholesterol containing sample anymore, i.e., no domain coexistence
remains in the temperature range where the gel–ﬂuid coexistence
region of the pure binary lipid mixture appears.
Remarkably, addition of the peptide (1) to this lipid mixture
changes the pattern of lateral lipid organization. At high tempera-
tures, in the ﬂuid phase, the images still show a homogeneous
distribution of the ﬂuorescent peptide on the vesicle surface. With
decreasing temperature, areas with higher ﬂuorescence intensity
become visible (Fig. 5B), however. The domains are disk-shaped,
which is indicative of the existence of ﬂuid, DMPC-rich domains with
embedded peptide diffusing in a liquid-ordered, cholesterol-rich lipid
environment.
With further decrease of the temperature, these domains become
continuously smaller and the ﬂuorescence intensity increases con-
comitantly. At the lowest temperature employed, 30.8 °C, very small
(diameter ∼0.1 μm) and very bright spots are visible on the vesicle
surface. These images indicate that incorporation of the peptide into a
cholesterol-rich liquid-ordered phase is energetically unfavorable,
and lipid sorting via peptide–lipid interactions and induction of ﬂuid
domains are no longer an energetically feasible process at these low
temperatures. As a consequence, self-assembly of the ﬂuorescent
peptide molecules occurs at low temperatures, where the lipid bilayer
system reaches a largely ordered state.
At 39 °C, the peptide-containing domains diffuse at a rate of
0.2 μm s−1. With decreasing temperature, the domains shrink,
reaching ﬁnally diameters of the order of 0.1 μm, and the ﬂuorescence
images increase drastically in intensity due to peptide clustering.
These aggregate structures move more slowly, e.g., at a rate of
∼0.04 μm s−1 at T=27 °C (Fig. 6).
To reveal the effect of single-lipid anchoring on the partitioning
behavior, the interactions of the single palmitoylated peptide (2) and
the single farnesylated peptide (3) into DMPC/DSPC mixtures were
studied as well. No differences in the partitioning behavior are
observed with respect to that of the double-lipidated peptide (1). As
an example, Fig. 7 shows the ﬂuorescencemicroscopy data for peptide
(2). Full-length N-Ras Far shows a similar partitioning behavior, i.e.,
incorporation of themonofarnesylated protein into ﬂuid-like domains
(data not shown).
We also studied GUVs formed from ternary mixtures of the lipids
POPC, BSM, and cholesterol. The phase diagram of this lipid mixture as
well as that of DOPC/SM/Chol shows a large binary coexistence
region of liquid-disordered (ld) and liquid-ordered (lo) domains at
physiologically relevant temperatures, such as for the composition
DOPC/BSM/Chol 1:1:1 POPC/BSM/Chol 2:1:1 (Fig. 8) and DOPC/
BSM/Chol 1:1:1 [40,41]. We prepared vesicles by mixing the lipids
with N-Rh-DPPE and adding a 7 mol% (with respect to lipid) solution
of the hexadecylated and farnesylated N-Ras protein in 1 mM
phosphate buffer (pH 7) to the solution containing GUVs at ∼30 °C.
N-Rh-DPPE serves again as a marker of the POPC-rich liquid-
disordered phase, and the BODIPY-label attached to the protein
reports on the location of the protein within the lipid assembly. The
GUV images, taken after the protein binding process to the lipid
vesicle system was completed, are shown in Fig. 8. The panels exhibit
the round-shaped domains typical for coexisting liquid-like phases
[13]. When liquid domains are embedded in a different liquid-like
environment such as shown here, circular domains are forming
because both phases are isotropic and the line energy associated with
Fig. 5. (A) Two-photon excitation ﬂuorescence intensity images (false color representation) of GUVs (size ∼30 μm) formed of DMPC/DSPC (1:1)+20 mol% of cholesterol, labeled
with vesicle-visualizing N-Rh-DPPE (which preferentially partitions into ﬂuid lipid phases) at selected temperatures. No phase transitions have been detected over the whole
temperature range covered for this system. (B) Two-photon excitation ﬂuorescence intensity images (false color representation) of GUVs (size ∼30 μm) formed of DMPC/DSPC (1:1)
+20 mol% of cholesterol+2 mol% of peptide (1) at T=39 °C. The images were taken at the top part of the GUVs after successive time periods of 10 s. (C) Two-photon excitation
ﬂuorescence intensity image (false color representation) of a GUV (size ∼30 μm) formed of DMPC/DSPC (1:1)+20 mol% of cholesterol+2 mol% of peptide (1) at T=30.8 °C. The
image was taken at the top part of the GUV.
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Fig. 6. Two-photon excitation ﬂuorescence intensity images (false color representation)
of GUVs (size ∼30 μm) formed of DMPC/DSPC (1:1)+20 mol% of cholesterol+2 mol%
of peptide (1) at T=27 °C. The images were taken at the top part of the GUVs after
successive time periods of 10 s (overlay).
Fig. 7. Two-photon excitation ﬂuorescence intensity images (false color representation)
of GUVs (size ∼30 μm) formed of DMPC/DSPC (1:1)+2mol% of peptide (2) at selected
temperatures. The images were taken at the top part of the GUVs.
1415K. Weise et al. / Biochimica et Biophysica Acta 1798 (2010) 1409–1417the rim of the two demixed phases is minimized by optimizing the
area-to-perimeter ratio. This fact is not observed when gel/liquid-
disordered phase coexistence is present (cf., Fig. 2). Generally, phases
named liquid-ordered (lo) and liquid-disordered (ld) are both
characterized by a high lateral mobility of the lipids, but they differ
in the organization of the lipid tails. In the lo phase, which is enriched
in saturated phospholipid or sphingolipid, long-range correlations
between the lipids tails exist, hence this phase is called ordered. In the
ld phase, which contains predominantly unsaturated phospholipids,
neighboring lipid tails interact only weakly and, due to gauche
conformer and kink formation in the unsaturated chains, more tail
conﬁgurations are formed. Because of the lack of orientational and
translational correlation between the tails, this phase is called
disordered. The blue areas with embedded N-Rh-DPPE seen in Fig.
8 correspond to liquid-disordered (ld) domains. As we can clearly see
from the GUV images of both channels, the spatial distribution of the
inserted N-Ras coincides with that of the N-Rh-DPPE. Thus, the N-Ras
preferentially localizes into the ld domains of mixed ld+lo lipid
systems, such as shown here (Fig. 8) or in similar systems such as in
DOPC/BSM/Chol 1:1:1 [39].
To yield complementary structural data on a smaller, nanometer-
length scale, AFM measurements were performed as well. A sample
consisting of a pure DOPC/DPPC/cholesterol lipid bilayer with amolar
ratio of 1:2:1 was ﬁrst examined to ensure formation of a
homogeneous sample with coexisting liquid-ordered (lo) and liquid-
disordered (ld) domains and the absence of membrane defects. In the
AFM image, isolated islands of ﬂuid ld domains (dark brown) are
visible in a coherent pool of raft-like (lo) protruding phase (light
brown) that can be clearly distinguished by a height difference of
∼1.0 nm (Fig. 9A), in agreement with literature data [42].
By using the technique of direct injection of the solution contain-
ing N-Ras HD/Far protein into the AFM ﬂuid cell, the same region of
the lipid bilayer can be observed before and after incorporation of the
protein. The AFM images reveal a change in the lateral organization of
the membrane after addition of N-Ras HD/Far, meaning that the
amount of ld phase increases whereas the formerly dominant lo
domain area decreases concomitantly (Fig. 9B). In good agreement
with the ﬂuorescence microscopy data, the AFM data also demon-
strate that the incorporated N-Ras HD/Far protein is nearly exclu-
sively located in the bulk ld phase and exhibits a mean height of 2.6
±0.5 nm (mean value±standard deviation, n=145) around 2.5 h
after protein addition. Interestingly, long-time AFM studies (after
∼26 h) show diffusion of the N-Ras proteins into the ld/lo phase
boundaries that is visualized by a bordering of the domains with
protein (Fig. 9B). The incorporation of the N-Ras proteins into the ld/lo
domain boundary region and subsequent clustering is reﬂected in an
increase in the height detected for the N-Ras HD/Far protein to values
of 4.8±1.4 nm (n=234). Furthermore, the thickness of the lipidmembrane decreases signiﬁcantly upon incorporation of the N-Ras
protein into the ﬂuid lipid phase, which is detected by an increase in
the height difference between the lo phase and ld phase with
incorporated protein (Δh=1.5±0.2 nm at t ≈ 26 h). These results
agree also very well with previous AFM experiments on themodel raft
system POPC/BSM/Chol 2:1:1 [29].
Taken together, the ﬂuorescence microscopy and AFM results
clearly indicate that exogenously added N-Ras HD/Far spontaneously
inserts into canonical raft mixtures, and preferentially into liquid-
disordered domains, with a large contribution of the lipidated peptide
residing in the ld/lo boundary region, however.4. Conclusions
By combining two-photon excited ﬂuorescence microscopy and
tapping-mode AFM, we were able to detect the partitioning of
ﬂuorescent (BODIPY) labeled lipidated peptides containing a farnesyl
(Far), a palmitoyl (Pal) or both anchor systems as well as the
semisynthetic fully functional lipidated N-Ras protein into model
membranes consisting of binary and ternary lipid mixtures including
canonical model raft mixtures. The results provide direct evidence
that partitioning of the palmitoylated and farnesylated peptides as
well as N-Ras HD/Far protein occurs preferentially in ﬂuid-like,
liquid-disordered lipid domains, which is also reﬂected in a faster
kinetics of incorporation into the ﬂuid lipid bilayer membrane. The
phase sequence of preferential binding of N-Ras to mixed-domain
lipid vesicles is ldN lo≫so [29]. Hence, we can also conclude that in
general the palmitoyl/farnesyl dual-lipidation motif found in proteins
such as Ras may not promote signiﬁcant association with liquid-
ordered or gel-like domains in phase-separated bilayer membranes
and therefore may probably also not partition into biological rafts.
Generally, the shape of the domains and the multidomain pattern
of vesicles such as those studied here are governed by the interplay
between the line energy of the domain boundaries and the bending
energies [10]. Since the two liquid phases differ in thickness of 0.6 to
1 nm, lipids at the lo/ld interface have to bend or stretch, respectively,
Fig. 9. (A) AFM image of a DOPC/DPPC/Chol 1:2:1 lipid membrane on mica before
injection of protein solution revealing a homogeneous lipid bilayer with coexisting
domains in lo and ld phase. The vertical color scale from dark brown to white
corresponds to an overall height of 8 nm. The horizontal black line in the ﬁgure is the
localization of the concomitant section analysis shown at the bottom, indicating the
vertical distances between pairs of arrows (black, green, and red). (B) AFM image about
26 h after injection of 200 μL N-Ras HD/Far protein in 20 mM Tris, 5 mMMgCl2, pH 7.4
(c=100 μg mL−1) into the AFM ﬂuid cell. The vertical color scale from dark brown to
white corresponds to an overall height of 14 nm. The horizontal black line in the ﬁgure
is the localization of the section analysis shown at the bottom, indicating the vertical
distances between pairs of arrows (black, green, and red).
Fig. 8. Two-photon excitation ﬂuorescence intensity images (false color representation)
of GUVs (size ∼30 μm) consisting of POPC/BSM/Chol (2:1:1)+7mol% N-Ras HD/Far at
T=25 °C. The GUVs display ld+lo phase coexistence regions. Fluorescence intensity
was collected in two channels: the BODIPY channel 1 detects the BODIPY ﬂuorescence
intensity of the N-Ras protein, and the N-Rh-DPPE channel 2 the ﬂuorescence intensity
of N-Rh-DPPE embedded in ﬂuid-like lipid domains of the membrane. Images were
taken at the top part of the GUVs.
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signiﬁcantly to the line tension. On the one hand, the membrane can
lower its elastic energy by decreasing the number of membrane
domains since it then reduces the line energy of the domain
boundaries. On the other hand, the membrane may also lower its
elastic energy by increasing the number of membrane domains of the
more ﬂexible (ﬂuid) and the more rigid domains that can be
accommodated in a more strongly curved and a more weakly curved
membrane region, respectively. Hence, the ground state must not
necessarily be a completely phase separated vesicle. Minimal energy
shapes with more than two domains are especially favored by
relatively low line tension and intermediate area fractions of the two
components [10]. In the asymmetric cellular membranes, also the
spontaneous curvature of the lipid bilayer should increase the
tendency for the formation of multidomain patterns with more than
two domains. The domains formed in themodel raft systems observed
here have sizes of typically 1–3 μmand lateral diffusion coefﬁcients on
the order of 10−1 μm2 s−1, i.e., exhibit values between those of lipid
molecules in an ordered and ﬂuid-like environment, respectively.
Intriguingly, as revealed by the better spatial resolution of the AFM
data, the lipidated protein is located to a large extent in the boundary
region of the domains in mixed-phase liquid-ordered/liquid-disor-
dered bilayers. This might lead to a favorable decrease in line energy
which is associated with the rim of neighboring domains. Such an
interfacial adsorption effect of inserting proteins can generally be
expected in many-phase lipid systems that have no particular
preference for a particular phase [43] – for example, due to
hydrophobic mismatch – so that the proteins are expelled to the
boundary. It is clear that the localization and accumulation of proteins
in the interfaces of a lipid bilayer with domains may provide
particularly strong direct protein–protein interactions and hence
may serve as a vehicle for protein association. A possible mechanism
for effective protein–protein interactions forming signaling com-
plexes could hence also be a collective association in the interfacial
regions of lipid domains.
Furthermore, in an all-liquid-ordered, cholesterol-rich phase,
phase separation may be induced by a rapid lipid sorting mechanism
owing to the high afﬁnity of the lipidated peptides and proteins to a
ﬂuid-like environment, i.e., lipidated proteins can formmicrodomains
without involvement of preexisting lipid domains. At low tempera-
tures, where the acyl chain order parameter of the membrane has
drastically increased, an efﬁcient lipid sorting mechanism is energet-
ically too costly and self-association of the peptide into small clusterstakes over. These data reveal the interesting ability of the lipidated
peptides and proteins to induce formation of ﬂuid microdomains at
physiologically relevant high cholesterol concentrations.
To conclude, our results reveal self-association of the N-Ras HD/
Far protein at the domain boundaries which may serve as an
important vehicle for association processes and nanoclustering,
which have also been observed in in vivo studies. The biophysical
and biochemical properties of different types of nanoclusters are
believed to regulate the variety and time course of effector interac-
tions allowing different signaling outputs. Generally, conﬁnement to
small domains diminishes the time for a receptor and cofactors to
meet and therefore is expected to speed up signaling. Nanoclusters
are probably also sensitive to low signaling inputs. Experiments on
1417K. Weise et al. / Biochimica et Biophysica Acta 1798 (2010) 1409–1417living cells and artiﬁcial membranes in this area of research have
inspired and stimulated each other in the past few years and they will
continue to do so. The challenge for the future is to bring both
approaches closer together. Artiﬁcial membranes must be produced
that resemble their living counterparts more closely, and experiments
on live cells, on the other hand, have to become more controlled and
at the same time less invasive. Further studies involving different
types of cellular interaction partners with Ras, like Raf and other
effectors, which will aid in interpreting cell biological work on Ras
signaling, may be envisaged in the near future.
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